Protein families with functionally diverse members can illuminate the structural determinants of protein function and the process by which protein structure and function evolve. To identify the key amino acid changes that differentiate one family member from another, most studies have taken a horizontal approach, swapping candidate residues between present-day family members. This approach has often been stymied, however, by the fact that shifts in function often require multiple interacting mutations; chimeric proteins are often nonfunctional, either because one lineage has amassed mutations that are incompatible with key residues that conferred a new function on other lineages, or because it lacks mutations required to support those key residues. These difficulties can be overcome by using a vertical strategy, which reconstructs ancestral genes and uses them as the appropriate background in which to study the effects of historical mutations on functional diversification. In this review, we discuss the advantages of the vertical strategy and highlight several exemplary studies that have used ancestral gene reconstruction to reveal the molecular underpinnings of protein structure, function, and evolution. 
Introduction
Biochemists would like to know how protein sequence determines structure and function; molecular evolutionary biologists are interested in the processes that generated the diverse structures and functions of extant proteins. Answering either question requires some knowledge of the distribution of structures and functions through the multidimensional 'space' of possible protein sequences [1, 2] . Characterizing that distribution is extremely difficult, however, because of the vast number of possible sequences and the time required to experimentally generate and study them: even high-throughput methods for generating and screening mutant libraries explore tiny regions around defined starting points within sequence space.
One solution to this problem is to analyze the evolutionary record. Evolution has been a massive experiment in the diversification and optimization of protein structurefunction relations, conducted in countless parallel lineages over vast periods of time. The outcomes of that experiment are preserved in the sequences, structures, and functions of modern-day protein families. Evolutionary analysis of these families therefore has the potential to provide key insights into the nature of protein sequence space and the determinants of protein structure and function.
Horizontal and vertical analysis of protein families
How can protein families best be studied? A major goal for biochemists and evolutionary biologists alike is to identify the necessary and sufficient subset of residues that cause functional differences between family members. One strategy is to identify candidate amino acid differences between divergent family members using sequencebased or structural analysis [3] [4] [5] [6] , and then test the functional role of these residues by swapping them between family members using site-directed mutagenesis. This 'horizontal' approach often identifies residues that are important to one function, because changing them results in an impaired or nonfunctional protein [7] [8] [9] , but it rarely identifies the set of residues sufficient to switch the function of one protein to that of another. The enolases, for example, are a well-studied family whose members share a common fold and enzymatic mechanism but catalyze diverse reactions [10, 11] . Despite many attempts, few have succeeded in altering one enolase to catalyze the reaction of another [12 ] , and even these have generated enzymes with considerably lower efficiency than their natural counterparts [13, 14] , indicating that not all residues important for function have been identified.
The reason studies of this type fall short is that they ignore history. Protein function evolved as mutations accumulated through time -vertically -in ancestral protein lineages, whereas horizontal comparisons of modern proteins involve only the tips of the evolutionary tree.
The horizontal approach suffers from two major problems. First, it is inefficient, because many functionally irrelevant sequence differences may have accumulated during intervals in which the function of interest did not change (Figure 1 ).
Second, lineage-specific sequence changes may lead to epistasis [15] [16] [17] [18] 19 ] , interdependence between mutations that cause a single change to have different effects in different protein family members. If epistasis occurs, studies in a modern protein background may not reveal the effect of mutations on other family members or the ancestral proteins in which new functions actually evolved. Two varieties of epistatic mutations along evolutionary trajectories are particularly relevant. Permissive mutations introduce amino acids required for a protein to tolerate key function-switching mutations. These mutations may, for example, increase protein stability to buffer the protein against destabilizing functional residues [15, 20] . Conversely, restrictive mutations introduce residues that are incompatible with the functions of other family members, because they produce steric clashes, for examples [21 ] . Swapping putative function-switching residues into proteins from lineages in which restrictive mutations occurred -or permissive mutations did not occur -will result in a nonfunctional or impaired protein, even if the residues tested indeed were the historical cause of the new function.
An explicitly phylogenetic approach to studies of functional diversity within protein families could address these issues. A vertical strategy would focus on mutations that occurred along the branch in the family tree on which functional diversification occurred. This strategy would be more efficient, because only those mutations that occurred during a limited period of evolutionary time need be investigated as candidates (Figure 1) . Moreover, by using the protein background in which the sequence changes actually occurred, this approach could avoid the effect of epistatic interactions that can confound experimental tests of the functional importance of those candidates. A vertical strategy would even allow the restrictive and permissive epistatic mutations to be specifically identified [21 ,22] .
Resurrecting ancient proteins
The difficulty, of course, is that studying evolution along a branch requires access to the nodes on either end of the branch. The endpoints of internal branches are ancestral proteins that, by definition, no longer exist. But ancestral sequence reconstruction (ASR), a recently developed strategy for studying molecular evolution [23, 24] , can circumvent this problem. In 1965, Pauling and Zuckerkandl speculated that it would one day be possible to use the sequences of modern proteins to infer the sequences of ancestral proteins, which could be synthesized and studied experimentally [25] . Decades later, ASR has become a mature technique, which has been used to study many protein families, including GFP-like proteins [26, 27 ], steroid receptors [21 ,22,28,29] , opsins [30 ,31,32] , and others [33] [34] [35] [36] [37] . ASR first infers ancestral sequences from an alignment of extant protein sequences, given the phylogeny that describes their historical relationships and a statistical model of amino acid substitution that describes the relative probability of replacing each amino acid with any other amino acid. The maximum likelihood sequence at any ancestral node on the phylogeny is the sequence with the highest probability of generating all of the sequence data in modernday proteins [38] . Once the ancestral protein sequence is known, a DNA molecule coding for it is synthesized, allowing the ancestral protein to be expressed and characterized experimentally [23] . ASR also allows the functional impact of sequence changes that happened in the deep past to be studied by introducing historical mutations into the ancestral background, recapitulating mutational trajectories that occurred during evolution. State-of-the-art studies in the field acknowledge that reconstructed ancestors are approximations of historical reality; these studies carefully explore the robustness of their functional inferences to uncertainty about the reconstructed ancestors by experimentally characterizing alternate plausible reconstructions [23, 26] .
In the sections that follow, we discuss how ASR has been used to gain important insights into the underlying Analyzing protein structure and function using ancestral gene reconstruction Harms and Thornton 361 Figure 1 Dissecting the sequence determinants of function within a family that has an ancestral function (filled circle) and a derived function (open circle). The functional change was caused by a subset of the sequence changes along branch C (black box). In the scenario shown here, permissive mutations on branch B (star) were required to allow the protein to tolerate the function-switching mutations; restrictive mutations incompatible with the ancestral function accumulated on branch D (cross). Swapping residues between modern proteins (arrow) is inefficient because the sequences differ by all mutations along A, B, C, and D. Further, protein X does not have the permissive mutations and cannot take on the derived function. Protein Y has restrictive mutations that do not allow it tolerate the ancestral function.
determinants of protein structure, function and evolution. Using several case studies, we demonstrate the effectiveness of ASR studies to quantitatively dissect the interactions that determine function, reveal multiple amino acids that underlie function, and determine the role of epistasis in shaping protein evolution. We conclude with a discussion of the expanding role that ASR can play in understanding the molecular determinants of protein function and evolution.
Opsins: quantifying functional interactions
The benefits of using the ancestral background for studying the effects of function-switching mutations were demonstrated recently in an elegant study of the opsins, a family of G-protein coupled receptors that absorb light in the vertebrate visual system. All opsins use the same covalently attached chromophore, but each opsin has a distinct wavelength of maximum absorption (l max ). Years of work have shown that the sequence determinants of l max are complex, making comparative studies in modern opsins difficult to interpret. For example, human red and green opsins have l max of 563 and 531 nm, respectively. Switching three amino acids in the red opsin to their states in their green paralog is sufficient to yield a greenabsorbing pigment. The reverse, however, is not true: inserting the three 'red' amino acids into the green opsin yields an intermediate opsin; several additional mutations are required to achieve the red phenotype [39] . Clearly, the background modulates the effect of individual substitutions on function. Yokoyama and colleagues estimate that some 60% of the opsin mutations reported in the literature show evidence of interaction with other mutations [30 ] .
Yokoyama and colleagues dissected these interactions using ASR. They reasoned that the ancestral sequence provided the appropriate background for determining the effects of key mutations that occurred during opsin evolution. They began by resurrecting the ancestor of the red and green opsin genes and used this as a background for mutagenesis to identify the historical importance of key mutations [30 ,31] . When reconstituted in cultured cells, the ancestral pigment absorbed maximally in the red. They next identified five historical amino acid changes that were conserved in one state in red opsins and another state in the green opsins. When these five residues were introduced together into the ancestral background, they fully recapitulated the shift in l max from red to green [31] . Yokoyama and colleagues then introduced each mutation singly and in sets of two and three and measured l max of each variant. This approach allowed them to statistically partition the main, background-independent effects of each mutation from the effects of among-mutation interactions. Twenty-seven percent of the total shift in l max was the result of epistatic interactions rather than the direct effects of the individual mutations. Yokoyama and colleagues then fit a quantitative model to their results and found, remarkably, that it could predict from the states at these five sites alone the l max of a wide variety of extant opsins to within 5 nm. Thus, where many studies in modern proteins yielded contradictory results about the functional importance of key mutations, a single study in the ancestral protein yielded results universally applicable to the family as a whole.
GFP-like proteins: when many amino acids determine function
Yokoyama's work illustrates how reconstructed ancestral sequences provide the proper background for testing the functional impact of key mutations. ASR also provides an efficient way to identify those residues in the first place, as illustrated by the work of Mikhail Matz's laboratory on GFP-like proteins from scleratinian (reef-building) corals. These proteins fluoresce at wavelengths determined by their amino acid sequence. Corals within the suborder Faviina are particularly diverse in the color of their fluorescence. By using ASR to characterize ancient sequences throughout the family, Matz's group found that the GFP-like protein in the ancestral Faviina fluoresced in the green, followed by diversification into a variety of other colors [26, 27 ] . Matz and colleagues then sought to identify the mutations responsible for the evolution of red fluorescence from this green ancestor in the great star coral Montastrea cavernosa. They found that 37 amino acid changes occurred between the GFP of the Faviina ancestor and that of M. cavernosa (compared to 108 differences between M. cavernosa and its closest modern-day green relative). Exhaustive characterization of all 2 37 -137 billion -mutational combinations would be intractable, so Matz and colleagues generated a library of variants in which each protein contained approximately half of the 37 residues in the ancestral state, half in the derived state. They then assessed the fluorescence of a large number of red and green clones from this library and statistically analyzed the association between the state at each site and the wavelength the protein emitted. This approach allowed Matz and colleagues to identify the set of historical mutations likely to contribute to the derived phenotype, including those that contribute only in some backgrounds because of epistasis. They found that 12 of the 37 mutations were significantly associated with red fluorescence. When this set was introduced into the ancestral green background, they yielded a red-emitting protein indistinguishable from the modern protein.
This set of key historical substitutions contained some residues previously identified as being important for red fluorescence based on structural considerations [40] ; Q65H, for example, is required for red fluorescence because the histidine is incorporated into the red fluorophore. Yet it also revealed mutations whose importance would have been difficult to predict from structural observations. Only five of the mutations they identified were in the vicinity of the fluorophore; the remaining seven were spread widely throughout the three-dimensional structure and would have been almost impossible to identify using a horizontal approach. Despite their distance from the fluorophore, these mutations interacted strongly to bring about the derived phenotype in the ancestral background.
Steroid receptors: epistasis in the evolution of ligand specificity ASR can be combined with structural biology to reveal the mechanisms by which interacting residues lead to complex functions. Our own group's work investigating the evolution of the mineralocorticoid and glucocorticoid receptors (MR and GR) provides an example. MR and GR are nuclear transcription factors that directly regulate gene expression in a ligand-dependent fashion. MR and GR arose by duplication of a single ancestral receptor deep in the vertebrate lineage and then diverged to bind different ligands and regulate different processes. MR is activated by aldosterone to regulate osmolarity; it is also activated by cortisol, albeit to a lesser extent. GR regulates the stress response and is activated only by cortisol. Despite a wealth of functional and structural information, identifying the sequence differences that underlie the functional difference between extant GR and MR using a horizontal approach been challenging. For example, a structural comparison of human MR and GR suggested that two sequence changes (S106P and L111Q) were likely to be important determinants of ligand specificity. When tested experimentally, however, swapping these residues between hGR and hMR yielded receptors that could not activate at all [41] .
By resurrecting key ancestral proteins in MR/GR evolution, characterizing the effect of historical mutations on their functions in various combinations, and determining their crystal structures, our group was able to determine the molecular basis of the difference in MR/GR function. We found that the ancestor of all MRs and GRs (AncCR) was MR-like, with sensitivity to both aldosterone and cortisol [28] . By resurrecting successive ancestors in the GR lineage (Figure 2) , we found that cortisol specificity arose during a 40 million year period between AncGR1 (GR in the ancestor of all jawed vertebrates, which had the ancestral, MR-like phenotype) and AncGR2 (GR2 in the ancestor of bony vertebrates, which was cortisol specific). Thirty-seven amino acid changes occurred along this branch, but only five have been conserved in one state in the MRs and in another in the GRs, suggesting a key role in maintaining their different functions. We introduced these five mutations singly and in pairs into AncGR1. None of the single mutations enhanced cortisol specificity, but the combination of S106P and L111Q switched AncGR1's preference to cortisol over aldosterone by radically reducing mineralocorticoid sensitivity. Strong epistasis was apparent: L111Q has no apparent functional effect when introduced alone, and S106P dramatically reduces activation by all ligands, but together they recapitulate a large portion of the functional switch from AncGR1 to AncGR2.
To identify the mechanism underlying this effect, we determined the X-ray crystal structures of ancestral receptors before and after the functional switch [21 ,22] (Figure 3a) . Pro-106 causes a kink that remodels one side of the ligand-binding pocket, dramatically shifting the receptor's helix 7 and destabilizing interactions with all ligands. Gln-111 is on the repositioned helix; in its new location, the polar side chain forms a hydrogen bond to a hydroxyl group unique to cortisol, recovering binding in a cortisol-specific manner. The cause of the interaction between these two mutations is therefore conformational: the effect of L111Q on function is determined by its spatial location, which depends on whether or not S106P has occurred. Why do these mutations, which switch the function of the ancestral receptor, radically impair function when they are introduced into the modern MR or are reversed in the modern GR [22, 41] ? We found that some of the other 32 mutations that occurred between AncGR1 and AncGR2
Analyzing protein structure and function using ancestral gene reconstruction Harms and Thornton 363 Figure 2 Permissive and restrictive mutations shaped GR evolution. GRs and MRs result from an ancient gene duplication (arrow). ancCR was activated by both aldosterone and cortisol (filled square, filled triangle). Cortisol specificity evolved by loss of aldosterone sensitivity (open square) between ancGR1 and ancGR2. The mutations that led to the functional change were preceded by permissive mutations (star) and followed by restrictive mutations (X). MRs do not have the permissive mutations and cannot tolerate the mutations in the black box. Human and fish GRs have restrictive mutations that do not allow reversion of the function-switching mutations to the ancestral state.
have strong modulating effects. Specifically, three additional mutations fine-tuned the derived function, eliminating all remnants of the response to mineralocorticoids and yielding a fully cortisol-specific receptor. These mutations further destabilize the receptor and cannot be tolerated, however, unless they are preceded by two permissive mutations (N26T and Q105L), which have virtually no effect on function when introduced alone. A third stabilizing permissive mutation, which occurred earlier -between AncCR and AncGR1 -is also essential for the function-switching mutations to be tolerated. Without these permissive mutations, the key mutations that historically produced a cortisol-specific receptor yield a receptor that does not activate transcription at all. These findings reveal why it has been so difficult to convert a modern MR into a GR-like protein using horizontal approaches: the MR lacks the permissive mutations that occurred in the GR lineage, so it cannot tolerate the destabilizing effects of the mutations that switched the GR's functions.
We also identified restrictive mutations that occurred later in the GR lineage, which are incompatible with the MR-like conformation. Specifically, five of the mutations that accumulated in the evolving GR after the functional switch are incompatible with the ancestral conformation because they produce a steric clash or eliminate favorable interactions necessary to support the ancestral position of helix 7 (Figure 3b ). For example, in the ancestral state Gly-114 sits directly across from Leu-197 between helix 7 and helix 10 in the receptor. In AncGR2 and its descendants, the Gly-Leu pair is replaced with the longer side chains of Gln-Met; this pair can be accommodated in AncGR2 and its descendants because of the shift in helix 7, but it produces a steric clash if the helix is returned to the ancestral conformation. These results reveal that the modern GRs cannot be converted to the MR-like structure and function because of restrictive mutations that occurred hundreds of millions of years ago in the GR lineage.
Implications
These ASR projects make clear that epistasis is common along evolutionary trajectories, and this fact has significant implications for how we study protein structure and function. Because mutations may have different effects in different sequence backgrounds, the only way to understand the historical relevance of a mutation is to test it in the ancestral background. Ancestral sequences are also necessary to identify the primary determinants of functional differences between extant proteins, because the accumulation of permissive and restrictive mutations may yield spurious results if key sequence differences are experimentally analyzed in modern backgrounds.
The prominent role of epistasis has profound implications for the processes by which proteins evolve. In some instances, such as the evolution of contemporary antibiotic resistance, protein evolution appears to proceed by pure functional hill climbing, with each new mutation leading to an incremental increase in function under the influence of selection [42] . But studies of evolution in more ancient proteins reveal a much more complex picture in which permissive mutations of no apparent effect transiently open paths to new functional states, while restrictive mutations close them [21 ,22,27 ,43 ] . Which paths are open at any moment may therefore 364 Sequences and topology Figure 3 Structural basis for the evolution of cortisol specificity. (a) Structure of AncCR (white, 2Q1H) with bound aldosterone (orange) overlaid on the structure of AncGR2 (blue, 3GN8) with bound DEX (purple), a cortisol analog. Mutation S106P disrupts a helix cap and introduces a kink at the N-terminus of helix 7, repositioning helix 7 so that Gln-111 of AncGR2 can form a cortisol-specific hydrogen bond. (b) Schematic representation of restrictive mutations G114Q and L197M. The derived Gln-Met pair in AncGR2 can be tolerated in the derived conformation (right) but clash when helix 7 is in its ancestral position (left). The hydrogen bond of Gln-111 with cortisol (purple) is shown in red.
depend on which neutral (or nearly neutral) mutations happen to be present in an evolving population. The evolution of major changes in protein structure and function may be possible or inevitable given one set of prior historical mutations, but nearly impossible given other equally probable events. The molecular basis of function in modern-day proteins may thus be far from optimal, instead representing the outcome of an historical process in which chance plays a major role.
The discovery of permissive and restrictive epistatic mutations using ASR raises additional questions, some of which may be answerable using ASR. How large is the set of potentially permissive mutations that could allow a protein to tolerate a specific change in structure and function? Are there general physical-chemical properties that characterize permissive mutations? Once restrictive mutations have occurred in a lineage, will selection to reacquire the ancestral function tend to produce proteins with new structure-function relations that differ from those in the ancestor? One prospective approach to these questions is to combine ASR studies with directed evolution [44, 45] , to explore some of the many 'might-havebeen' trajectories that were not taken by natural evolution.
A final benefit of ASR is that it provides a bridge between mechanistic biochemistry and evolutionary biology, fields that have been largely separate, despite the long-standing existence of fascinating questions at their interface [46] [47] [48] [49] . As the case studies we have reviewed here show, a detailed understanding of the historical processes and mechanisms by which proteins acquired their functions can help us understand how and why proteins work as they do today. Further, because evolution represents an exploration of protein sequence space by independent lineages over long periods of time, a reconstruction of the historical trajectories of protein evolution has the potential to shed some light on the distribution of functions and structures through protein space. By enabling rigorous biochemical assessments of ancient proteins, ASR promises new insights into the physical-chemical determinants that have shaped protein evolution and the historical determinants of protein architecture.
